This information is current as of
ver the past several decades, mobile fluoroscopy has greatly contributed to the field of orthopaedic surgery. While this technique was initially employed for only select operative procedures such as intramedullary femoral nailing, modern uses of the mobile fluoroscope have been vastly expanded to include any surgical procedure requiring visualization of the skeletal anatomy. Several previous reports have documented the radiation exposure and associated risks resulting from the use of large c-arm devices and have outlined the necessary radiation-protection measures that the surgeon and his or her staff must follow in order to minimize these risks. Radiation exposure to surgical personnel depends on the orientation of the fluoroscopic beam relative to the patient, the total exposure time, the distance from the beam to the surgeon, the position of the surgeon within the operative field, and the use of protective lead garments and shields [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . During fluoroscopy, the distance to the radiation source (the patient in the case of scattered radiation) determines the amount of radiation exposure according to the inverse square law, which states that the exposure decreases proportionately to the square of the distance between the source and the object of concern. Giachino and Cheng 3 first commented on this principle in a cadaveric hip-pinning study in which a 750-fold reduction in radiation was noted when the measuring equipment was moved 18 in (45.7 cm) from the fluoroscope. Several subsequent authors have documented similar findings [2] [3] [4] [5] . Increasing the distance from the source in order to decrease radiation exposure is a beneficial guideline for operative personnel; however, the dilemma for surgeons is that close proximity to the beam is routinely required for such procedures as maintenance of a difficult reduction or freehand placement of interlocking screws. In addition, other dose-reduction techniques based on geometric considerations, such as positioning the patient adjacent to the image intensifier, may be limited by the practical demands of the procedure.
With the introduction of smaller c-arm devices, fluoroscopic imaging is now routinely used for fracture treatment in the emergency room and for outpatient orthopaedic proce-O dures because of the portability, convenience, and ease of use of the equipment. On the basis of the initial manufacturer reports of reduced radiation output and the presumed increased safety afforded by the smaller size of these devices, many orthopaedic surgeons have foregone the safety precautions that are used in association with large c-arm fluoroscopy devices 11 . For instance, despite the lack of supportive data, several surgeons at our institution no longer wear protective lead garments when using the mini-c-arm device. This practice has created much debate as to whether fluoroscopic guidelines for the large c-arm device should be applied to the mini-c-arm device. To our knowledge, no previous study has documented the level of radiation exposure associated with the mini-carm. As such, the purpose of the present study was to quantify the amount of scattered radiation that is present during a typical mini-c-arm examination in order to determine (1) the relative risk of radiation exposure to the surgeon with extended use, (2) whether surgeon positioning is pertinent, and (3) whether protective shielding should be employed.
Materials and Methods
he OEC Mini 6600 Digital Mobile C-arm (OEC Medical Systems, Salt Lake City, Utah) combines a small c-arm with enhanced fluoroscopic imaging and is used for viewing extremities at low entrance exposure and scattered radiation levels. The x-ray generator has a maximum output power of 7.5 W at 75 kV and 100 µA. The image intensifier has a diameter of 6 in (15.2 cm) rather than 3 in (7.6 cm) as initially used for mini-c-arm devices.
The experimental setup was determined by positioning anthropomorphic phantoms as a patient might be positioned within the c-arm for a typical forearm or ankle examination. The anthropomorphic phantoms were composed of human bones surrounded by tissue-simulative material. The forearm examination was performed with the c-arm positioned horizontally and the phantom centered between the x-ray tube and the image intensifier. The ankle examination was performed with the c-arm positioned vertically and the ankle phantom resting on the image intensifier. Air kerma measurements were made in the plane parallel to the floor at various radial distances from the phantom. These measurements represent the amount of scattered radiation to which the operating orthopaedic surgeon is exposed. Figures 1 and 2 show the experimental setups that were used to simulate forearm and ankle examinations, respectively.
The fluoroscopic technique factors were set automatically by the brightness-control system in the normal fluoroscopy mode of the mini-c-arm. For the ankle examination, 
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those technique factors were 54 kVp and 32 µA. The forearm technique factors were higher (58 kVp and 36 µA); this difference was due to the fact that the phantom was positioned midway between the x-ray tube and the image intensifier, resulting in a magnified image. Because of its proximity to the xray tube, the radiation incident on the forearm phantom (2.53 mGy/min) was also substantially higher than that on the ankle phantom (0.77 mGy/min).
A Radial Industries MDH model 1015C radiation meter (Monrovia, California), with an 180-cc pancake ion chamber, was used to measure exposures in milliroentgen (mR). Thirtysecond exposure readings were then obtained at distances of 20, 40, and 60 cm from the center of the phantom. Air kerma rates, in µGy/min, were determined from these exposure measurements, and the average air kerma was estimated with use of an examination time of five minutes 2 . The mini-c-arm is equipped with an alarm that alerts the user after five minutes of fluoroscopy.
Results

Ankle Examination
table in the Appendix shows the air kerma measurements obtained during a five-minute examination at various distances and angles from the anthropomorphic ankle phantom. The average air kerma value at 20 cm (approximately 8 in) was 12 µGy. As expected, the measured air kerma decreased with increased distance from the phantom. Air kerma values were confirmed to be 77% lower at 40 cm and 90% lower at 60 cm when compared with the values at 20 cm.
The measured air kerma values for this experimental setup correlated well with the published values in the OEC mini-c-arm technical reference manual 11 . The geometry of the manufacturer's setup was similar to that of the ankleexamination setup, with the mini-c-arm positioned vertically in an inverted position and the phantom resting on the image intensifier. Rather than using an anthropomorphic phantom, the manufacturer used the American National Standards Institute extremity phantom, which consists of a 2-mm-thick aluminum plate sandwiched between two 2.54-cm-thick acrylic slabs. The fluoroscopic technique factors used for the manufacturer's measurements were 70 kVp and 96 µA, which were substantially higher than those used for our ankle examination. As a result, the air kerma entering the phantoms was a factor of 4.3 higher when the manufacturer's measurements were compared with our ankle-examination measurements. Likewise, the scattered air kerma rate at 0° and 20 cm from the phantom was also 4.5 times higher when the manufacturer's measurements were compared with our ankle-examination measurements (0.39 mGy/hr compared with 0.085 mGy/hr).
Air kerma values for a five-minute ankle examination varied with the angle of measurement. The variation of these measurements is expected because of the nonuniformity of the ankle phantom. The highest values were measured at an angle of 90° from the x-ray tube axis (perpendicular to the position of the foot) because the x-rays traveled through less tissue when scattered from the lateral malleolus. Lower values were measured at 180°, 225°, and 0° because the scattered radiation was further attenuated by the tissues of the foot.
Forearm Examination
A table in the Appendix shows the air kerma measurements obtained during a five-minute examination at various distances and angles from the anthropomorphic forearm phantom. The mini-c-arm was oriented horizontally, with the forearm phantom positioned midway between the x-ray tube and the image intensifier. The entrance air kerma rate to the forearm phantom was 2.53 mGy/min, which was a factor of 3.3 higher than the entrance air kerma rate for the ankle phantom and was similar to the rate for the manufacturer's measurements using the American National Standards Institute extremity phantom 11 . Scattered air kerma values were within 20% of those measured by the manufacturer at all distances.
Because of the orientation of the mini-c-arm, measurements were not performed at 90° (which corresponded to the position of the x-ray tube) or at 270° (which corresponded to the position of the image intensifier). Measurements performed behind these objects, however, showed no detectable radiation during the thirty-second measurement period.
The average scattered air kerma value at 20 cm during a five-minute fluoroscopic examination of the forearm phantom was 31 µGy. Because of the relative symmetry of the forearm phantom with respect to the measurements, air kerma rates were fairly uniform at all angles, with a standard deviation of 4.76 µGy or 15%. Air kerma measurements at backscatter angles (toward the x-ray tube) were approximately 50% higher than the corresponding forward angles. As was the case for the ankle examination, the air kerma values decreased by 83% and 95% as the distance from the phantom increased to 40 cm and 60 cm, respectively.
Discussion
he results of the current study indicate that the exposure levels from the miniature c-arm are substantially less at much closer distances than described in previous reports on the large c-arm 1,3-5,7-10,12,13 . The skin-entrance exposure rates as measured with the forearm and ankle phantoms were 2.53 mGy/min and 0.77 mGy/min, respectively. The patient exposure rates reported for the large c-arm typically have been one to two orders of magnitude higher 12, 13 . Similarly, the measured scattered radiation exposure rates for the mini-c-arm were also substantially lower than previously published data for the large c-arm at comparable distances (Table I) . At 20 cm, the average scattered radiation exposures for the ankle and forearm examinations were 2.4 and 6.2 µGy/min, respectively, with rates diminishing further by 77% and 83%, respectively, at 40 cm and by >90% at 60 cm. Assuming an average exposure of 40 µGy per five-minute procedure, an unshielded surgeon operating approximately 20 cm from the mini-c-arm beam could perform approximately 12,500 procedures before reaching established annual occupational extremity limits, 3750 procedures before reaching established annual occupational eye limits, and 1250 procedures before reaching established annual occupational whole-body deep radiation limits (Table II) . Furthermore, direct hand exposure at the greatest rate measured (2.53 mGy/min) would cause hand limits to be exceeded after approximately 198 minutes 6 . With regard to the orientation of the mini-c-arm, radiation levels generally were lower when the phantom was closest to the image intensifier with the unit positioned in an inverted manner, resulting in exposure rates that averaged 58% less for the ankle examination as compared with the forearm examination (Fig. 3) . Although the levels measured around the beam in each orientation were relatively uniform, the highest exposure to the surgeon was noted at the angle of greatest backscatter, determined to be at 90° to the foot during the ankle examination, as radiation was scattered off the lateral malleolus. The lowest exposure was noted between 180° and 360°; this finding was thought to be a result of the larger soft-tissue envelope on the medial side of the foot, which allowed for greater radiation absorption. For the forearm examination, the greatest exposure was noted at the backscatter angles of 45° and 135° and the lowest was found behind the x-ray tube or image intensifier, where no radiation was detectable.
On the basis of these data, it is clear that the mini-c-arm is safer than the large c-arm and is associated with substantially lower occupational exposures as measured both within the beam and at all distances from the beam. Given these findings, we believe that some of the indispensable precautions required for use of the large c-arm are not applicable to the mini-c-arm. More specifically, we believe that a surgeon using the mini-carm and positioned at a working distance of >20 cm from the beam will not be exposed to substantially high radiation levels. This recommended working distance is typically required for normal use of the machine. According to current guidelines, a surgeon working at and beyond such a distance would be capable of performing a minimum of 1250 surgical procedures per year, a number difficult to surpass even in the busiest of orthopaedic practices. Although the long-term effects of low-dose radiation are unknown, the average environmental radiation effective dose equivalent from cosmic rays, external sources, and ingested radioactive materials is approximately 3 millisieverts (mSv) per year 14 . The relative risk of death resulting from exposure to 1 microsievert (µSv) of radiation is equivalent to a one-in-eight-million risk of dying of cancer or a loss in life expectancy of seventy-two seconds, the same risk associated with crossing the street three times [15] [16] [17] . As a result, the total cumulative dose associated with the use of the mini-c-arm is relatively small. Despite this knowledge, however, under no circumstance should fluoroscopy be utilized in a cavalier manner, and practices such as live imaging and direct extremity exposure should be avoided. Therefore, because of its comparative safety and ease of use, we strongly advise the use of the mini-c-arm whenever clinically feasible.
